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I.1 ABSTRACT 
 
Uncertainties in the required input data for Life Cycle Assessment (LCA) 
and Life Cycle Costing (LCC) studies are the subject of many publications and 
are still a predominant limiting factor for the reliability of the LCA/LCC results, 
even for established and well-known technologies. 
In this thesis we focus on the characterization of the types of uncertainties 
in the input data and set up a practical method for dealing with them and with 
their propagation onto the outcomes. The method is based on the use of  
Data Quality Indicators (pedigree matrix), Uncertainty factors, lognormal 
distributions and Monte Carlo Analysis.  
Flexcellence is an European research project financed by the EU and it 
aims the development of equipment and cost-effective production of thin film 
PV modules. The Energy research Centre of The Netherlands (ECN) is one of 
the participants in this project and is presently focused on the development of 
a roll-to-roll MW-PECVD (Micro Wave-Plasma Enhanced Vapor Deposition) 
manufacturing process for thin film silicon PV modules.  
The LCA and LCC of the Flexcellence process at ECN is used as a test-case 
of the aforementioned method for dealing with the uncertainties in the input 
data. The Energy Payback Time (EPBT) and the Global Warming Potential 
(GWP100) are taken as the indicators for the environmental impacts used for 
the LCA. For the LCC are taken into account the costs for operation, material 
and capital goods. 
With respect to the calculation method it can be concluded that this 
method is easy to use and to implement, does not require a priori knowledge 
of the uncertainties in the input data and can be useful for LCA/LCC studies of 
new technologies, albeit time consuming. 
The 95% confidence intervals of the end-results for framed modules for 
the Flexcellence process at ECN, with an efficiency of 10%, placed in Southern 
Europe, 30 years life-time and a Performance Ratio of 75% are: 
• EPBT: 0.2 – 0.4 years; 
• GWP100: 6.5 – 11.9 gCO2-eq/kWhe and  
• production costs: 0.44 – 0.84 €/Wp.  
These results compare advantageously with other energy sources.  
 
Keywords: Life Cycle Assessment, Life Cycle Costing, thin film silicon PV, data 
uncertainties, uncertainty factors, Monte Carlo Analysis, Life Cycle Inventory, 
Energy Payback Time, Greenhouse Gas emission 
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I.2 SAMENVATTING 
 
Onzekerheden in the benodigde inputdata voor Life Cycle Assessment 
(LCA) en Life Cycle Costing (LCC) studies zijn het onderwerp van veel 
publicaties en vormen een nog steeds belangrijk beperkende factor voor de 
betrouwbaarheid van de LCA/LCC uitkomsten van bekende en gevestigde 
technologieën. 
In deze thesis wordt de aandacht gevestigd op het karakterisering van 
verschillende klassen van onzekerheden in de invoerdata en wordt een 
praktische methode opgezet voor de behandeling ervan en hun doorwerking 
in the resultaten. De methode is gebaseerd op Indicatoren van datakwaliteit, 
Onzekerheidsfactoren, Lognormale distributieverdelingen en Monte Carlo 
Analyse. 
Flexcellence is een Europees onderzoeksproject dat door de EU wordt 
gefinancierd met als doel het ontwikkelen van apparatuur en kosteneffectieve 
productie van “dunne film” Silicium PV modulen. Het Energieonderzoek 
Centrum Nederland (ECN) is een van de deelnemers aan dit project en 
concentreert zich op de ontwikkeling van een roll-to-roll MW-PECVD (Micro 
Wave-Plasma Enhanced Vapor Deposition) productieproces van dunne film 
Silicium PV modulen. 
De LCA en LCC van het Flexcellence productieproces bij ECN wordt 
gebruikt als een “test-case” voor de bovengenoemde methode voor de 
behandeling van de onzekerheden in de invoerdata. Als indicatoren voor de 
milieueffecten in de LCA studie worden genomen: de “Energy Payback Time 
(EPBT)”en de “Global Warming Potential (GWP100)”. Voor de LCC studie 
wordt rekening gehouden met de operationele kosten, materiaalkosten en de 
kosten van kapitaalgoederen. 
Ten aanzien van de behandelingsmethode van de onzekerheden kan 
worden geconcludeerd dat deze methode eenvoudig in het gebruik is, dat er 
geen a priori kennis van de onzekerheden in de invoerdata wordt vereist en 
dat de methode bruikbaar is voor LCA/LCC studies van nieuwe technologieën, 
hoewel tijdrovend. 
De 95% betrouwbaarheidsintervallen van de eindresultaten voor modulen 
voorzien van een “frame” uit het Flexcellence proces bij ECN, met een 
efficiëntie van 10%, geplaatst in Zuid Europa, een levensduur van 30 jaar en 
een prestatieverhouding (Performance Ratio) van 75% zijn: 
• EPBT: 0.2 – 0.4 jaren; 
• GWP100: 6.5 – 11.9 gCO2-eq/kWhe en  
• Productiekosten: 0.44 – 0.84 €/Wp. 
Deze resultaten zijn gunstig te noemen in vergelijking met andere 
energiebronnen. 
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1 Introduction 
 
1.1    Background 
 
The Energy research Centre of the Netherlands (ECN) is the largest 
research centre in The Netherlands in the field of energy with about 900 
employees (ECN, 2007). In the field of Solar Energy about 60 researchers and 
15 students are currently busy with long-term research programs for the 
development of solar cell systems as crystalline silicon, microcrystalline and 
amorphous silicon thin film and modules (Green, 1998; Poortmans and 
Arkhipov, 2006). Global warming and the limited availability of fossil fuels are 
assumed to be the main reasons for this increased awareness of the 
importance of renewable energy sources like photovoltaic (PV) systems. 
Important aspects for the characterization and evaluation of new 
technological developments on this energetic field are among others their 
production costs, their efficiency and their environmental sustainability per 
delivered electrical energy during the product’s lifetime.  
The assessment of this last aspect for a product or a process throughout its 
life cycle is since the early nineties increasingly done by means of Life Cycle 
Assessment (LCA). There are many examples of LCA for photovoltaics 
systems (Alsema, 2006a; De Wild-Scholten, 2006; Kato et al., 1998; Goulpié, 
2004), but for thin-film solar cells and for concentrating solar systems there is 
still an insufficient knowledge of their environmental impact as quoted by 
Alsema (2006b), who suggested further LCA studies of thin film silicon 
technology.  
The technology of silicon thin film solar cells is recently applied on 
industrial scale using equipment from Applied Materials (n.d.1) and OC 
Oerlikon Corp. (n.d.) and development continues (Poortmans and Arkhipov, 
2006). Thin film technologies are expected to offer many advantages for 
specific applications and there is a need for more research to solve 
fundamental and technological problems (European Commission (EC), 2005). 
As a part of the Flexcellence project (Université de Neuchâtel, n.d.) a new 
roll-to-roll manufacturing process for thin film silicon PV modules is being 
developed at the Solar Energy Department of ECN and the research group 
working on this project is interested in an early assessment on the 
environmental impacts and the production costs of this process. This request 
constituted the starting point of this research. 
 
1.2    Problem description and research questions 
 
The LCA methodology is undoubtedly a very useful tool for the critical 
assessment of the total production chain as a whole from “cradle-to-grave” 
(Tukker, 1999) and the number of applications of it is overwhelming 
throughout the whole world. This fact is not surprising when considering the 
increasing importance of the environmental concerns related to climate 
change and the Kyoto-agreements with respect to the Greenhouse Gas-
emissions (GHG). The LCA methodology as stated in ISO standards 
(ISO14040/14044) sets up a International Standard framework for the 
                                          
1 n.d. : no date 
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evaluation of the (potential) environmental impacts throughout a product’s 
life. 
LCA is a methodology that can assist in identifying the environmental 
performance of products at various points in their life cycle and can inform 
decision-makers for the purpose of strategic planning, priority setting, 
marketing, etc.  
The limitations of the LCA methodology, especially regarding the lack of 
integration possibilities (aggregation) of impacts in space and time, are the 
subject of many publications (Stavros et al., 2004; Ekvall, 2002; Weidema, 
2000). Other limitations worthy to be mentioned here are the lack of 
consensus for making quantitative comparison of various environmental 
impacts (e.g. acid rain versus eutrophication) and that the product 
assessment doesn’t consider advantages like health or safety factors, leading 
to debate on the interpretation of the results (Meester et al., 1996). And 
furthermore this technique as such is not suitable for a costs estimation of a 
process or product. 
The environmental impacts during the design/development phase of a 
product are generally small compared to those during the life cycle of the 
product in consideration (Rebitzer et al., 2004). However the decisions made 
in the design/development phase highly influence the environmental impacts 
in the other life cycle stages (Figure 1). Therefore it is important that a LCA 
study should be carried out in an early stage of new or emerging 
technologies. 
 
Fig. 1: Generation of environmental impacts in a product’s life cycle (from 
Rebitzer, 2004) 
 
An important step during LCA is the so-called data inventory step. During 
this step quantitative data (amount of materials, energy use, and 
emission/wastes streams) have to be collected for all the material and energy 
flows and components within the system boundaries of the life cycle of the 
product or process. For the evaluation of new technologies the LCA study is 
often combined with a cost analysis and for this purpose costs information is 
added to the above mentioned issues of energy and material amounts (De 
Wild-Scholten et al., 2006). The applicability of LCA studies for early product 
development highly depends on the reliability of the often scarce available 
information on materials and processes (Huijbregts et al., 2006). 
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The collection of data is a critical factor for a successful execution of a LCA 
and it is important to be aware of the extent of the impact of the data 
inaccuracies and the lack of data, as main sources of data uncertainties, on 
the final assessment (Ansems and Ligthart, 2002). The lack of relevant data 
on a part of a system (e.g. recycling process) can lead to incompleteness of a 
LCA study (Alsema and De Wild-Scholten, 2004). Hooijdonk (2006) pointed 
out that the usability of LCA studies for decision support is downgraded by the 
fact that uncertainty is not commonly taken into account. 
Types and sources of data uncertainty are surveyed by Björklund (2002) 
and this author gives also a survey of methods for improving the data quality 
and reliability. Data gaps of various types are typical in LCA studies (Ekvall, 
2002) because the LCA practitioner: 
• does not know that a process is included in the affected system; 
• does not have data concerning the environmental effects; 
• only has data for summation parameters and not on specific 
substances; 
• does not have weighting factors for all relevant parameters of 
environmental effects. 
Ciroth (2003) gives the following reasons for performing an uncertainty 
assessment: 
1. Better decision support: uncertainty information assesses the stability 
of the results 
2. Transparency: uncertainty information on data and LCA-studies 
clarifies the quality of data and can identify “hot spots” in data quality, 
i.e. the data items with a large effect on the results 
3. Quality competition: transparency of data quality information enables a 
competition towards higher quality and less uncertain data. 
Ciroth also gives some reasons against a quantitative uncertainty assessment: 
1. Additional effort: needed for collecting uncertainty information and for 
estimating and dealing with the uncertainty in the outcome 
2. Human nature: in general people gives more credit to a single value 
than to one expressing its underlying uncertainty 
3. Lack of methods: many authors in recent publications state the infancy 
or complete lack of methods for assessing and calculating uncertainties 
for LCAs 
4. Additional errors: the addition of uncertainty to a model makes it more 
complex and error-prone: Better none than a bad consideration of 
uncertainty. 
 
The aforementioned remarks concerning the limitations of the LCA 
methodology, specially those concerning the uncertainties and lack of reliable 
data inputs combined with the request from ECN on an assessment of the 
Flexcellence process, lead us to the next central research question: 
 
“How to deal with data uncertainties in an Assessment of Costs and 
Life Cycle environmental impacts of an emerging technology?”. 
 
This question is in this thesis investigated using the Flexcellence process as a 
test case of an emerging technology. For the answering of this central 
question it is necessary to get first the answers of some other sub-questions, 
like: 
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1. About data uncertainties in LCA and costs analysis: 
1.1   What types of uncertainties can be identified? 
1.2   Which are the sources of these uncertainties? 
1.3   Which are the methods for dealing with them? 
 
2. About PV technologies: 
2.1   Which are the main actual (proven and emerging) PV technologies? 
2.2   Which are the characteristics of the silicon thin film PV technologies? 
 
3. About the assessment of the costs and LCA of FLEXCELLENCE: 
3.1   What is the goal of the assessment? 
3.2   What is the scope?  
3.3   What are the outcomes of the assessment? 
 
4. About the uncertainties in the outcomes: 
4.1   What types of data uncertainties are found in this test case case? 
4.2   Which method is used for handling these uncertainties?  
4.3   Which are the impacts of the uncertainties on the outcomes? 
 
1.3    Goal and scope thesis 
 
The goal of the thesis consists of: 
1. A selection of the most promising methods for LCA studies of emerging 
technologies, and 
2. A quantification of the effects of the data uncertainties on the end results for 
the selected method(s). 
 
The scope is defined by: 
• LCA of the Flexcellence manufacturing process of thin film silicon solar 
modules that is under development at ECN 
• Data uncertainties focused on environmental assessments (Björklund, 2002) 
• Data inputs characterized (pedigree matrix) by data quality indicators 
(Weidema, 1996) for the following scores: 
1.- Reliability 
2.- Completeness 
3.- Temporal correlation 
4.- Geographical correlation 
5.- Further technological correlation 
• Methods focused on increasing reliability and credibility of LCA. These 
methods are among others surveyed by Björklund (2002). 
• Any other promising method(s) from literature can be referenced as a 
recommendation for further research  
• As geographical boundary is taken Western Europe, although relevant 
information from other parts of the world could be used 
• The temporal boundary for literature search is set to 1995 and later (an 
exception will be made for information that is considered as relevant by most 
of the practitioners, e.g. Guinée et al. (1993)).  
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2 Methodology 
 
The main road of this research is based on literature search on the field of 
LCA methodology and data uncertainties. The information gathered is used for  
analyzing the uncertainties in LCA-studies and results resulting in a survey of 
the types of data uncertainties and of methods dealing with uncertainties. 
From this information a preliminary selection follows of possible employable 
methods, that subsequently are used for a practical application of a LCA and a 
costs assessment (LCC) in the field of an emerging technology. This approach 
is schematically and chronologically represented in Figure 2 and briefly 
explained later. The costs study has been effectuated simultaneously and 
parallel with the LCA study.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  LCA/LCC of 
FLEXCELLENCE       
1st Phase (II.1) 
 Literature Search on 
     Route II 
     Route I 
 data uncertainties of LCA 
(I.1) 
 LCA/LCC of       (II.2) 
FLEXCELLENCE  
    2nd  Phase  (LCI) 
  Types of uncertainties 
   Methods for handling 
data 
 Goal and Scope LCA 
 Data Inventory 
   Data Analysis & 
Characterization 
(I.2) 
   Data Quality Indicators 
   Selection of Method(s) 
for handling data 
  LCA/LCC of  (I/II.1) 
FLEXCELLENCE  
  Implementation of 
selected method(s) 
(I.3) 
    3rd  Phase  (LCIA) 
  Key Issues 
identification 
 Impacts 
Assessment 
  LCA/LCC of (I/II.2) 
FLEXCELLENCE  
 Assessment of Method(s) 
for handling data 
uncertainties         4th  Phase:              
Interpretation   
Fig. 2: Methodological approach of research project 
 
Route I starts with the literature search (Blok I.1) and delivers a survey of 
uncertainties and methods for handling uncertain data. Almost simultaneously 
starts Route II with the 1st phase of the LCA/LCC (Blok II.1) resulting in the 
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specification of the Goal and the Scope of the LCA/LCC. The Inventory of data 
for the LCA/LCC (Blok II.2) forms the 2nd phase of this method delivering a 
preliminary set of data that can be combined with complementary information 
from the literature search. This combined information is used for the 
effectuation of the first data analysis and characterization (Blok I.2), and an 
implementation of the selected methods (Blok I.3). Hereafter both routes 
converge in the 3rd Phase of the LCA/LCC (Blok I/II.1), the assessment phase, 
and the final 4th Phase (Blok I/II.2), the interpretation of the assessments.  
The LCA methodology, according to the ISO standards 14040/14044, has 
been used to assess the environmental impacts, while the processing costs, 
not included in the above mentioned standards, has been assessed according 
the International standard NEN-EN-IEC 60300-3-3:2004. The software 
SimaPro 7.0 and the database Ecoinvent 1.3 have been used for the LCA 
study. The results of the assessment reflect the influence of the data 
uncertainty in the inputs. 
The search for data has been based in the next sequence of preferences, 
that is meant for achieving an optimal quality of the in relation with the 
underlying process: 
1. the internal knowledge within the participants in the Flexcellence 
project; 
2. data from, if possible, similar kind of industrial projects or 
manufacturers; 
3. other LCA/LCI studies; and  
4. patents, journal articles and handbooks. 
This methodological approach, based on two parallel routes converging at 
the LCIA phase (see Figure 2), leads to the separate treatment of both routes 
and results in the following classification of the chapters in this thesis: in 
Chapter 3 are treated the characteristics of the data uncertainties and the 
available methods for dealing with them; in Chapter 4 is given a brief survey 
of the PV technologies and specially of the emerging thin film PV technologies; 
Chapter 5 deals with the LCA-test case (up to the 3rd LCA-phase) and gives 
more detailed information on the methodology, goal and scope of the LCA 
study; Chapter 6 deals with the assessment of the environmental and costs 
impacts and with the impacts of the data uncertainties, and the following 
chapters round off this research project with the discussion (Chapter 7), the 
conclusions and recommendations for further research (Chapter 8). 
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3 Data uncertainties in LCA and LCC 
 
As pointed out recently by The Intergovernmental Panel for Climate 
Change: “uncertainty is an inherent feature of any assessment” (IPCC, 2007). 
This statement is actually made in relation with the uncertainties in the final 
assessment, especially when doing predictions on the long term about the 
properties, behavior, environmental impact, social and economical impact of a 
complex assessed product or process, e.g. the climate change. This chapter 
will focus on the uncertainties related with the data inputs during a LCA or a 
LCC and makes a link with their effect on the uncertainties in the outcomes. 
 
3.1 Types of data uncertainties 
 
Data uncertainty is closely related to lack of knowledge on the true value 
(Björklund, 2002). It can’t be represented properly by a single static figure 
and it is not equivalent to data variability that is inherent to the item itself 
(e.g. time dependency or heterogeneity).  
Uncertainty is a measure of the knowledge of the magnitude of a parameter 
and is often quantified as a statistical distribution (Webster and Mackay, 
2003) and according to Björklund (2002) the following types of uncertainties 
can be recognized: 
• Data inaccuracy: due to variations in the values of the measurements used 
to derive the numerical values. 
• Data gaps: missing values in the model. 
• Unrepresentative data: data from non-representative sources, i.e. data 
from similar processes, but not from a representative geographical place, age, 
or technology. 
• Model uncertainty: due to simplification of aspects that can’t be properly 
modeled in LCA, e.g. temporal of spatial characteristics. 
• Uncertainty due to choices: e.g. allocation rules, system boundaries, 
weighting methods, etc 
• Spatial variability: e.g. fluctuations in the real world, geographical sites, 
etc. 
• Temporal variability: variations over time e.g. dispersion of emissions. 
• Variability between sources and objects: differences in sources of 
inventoried system e.g. variation in comparable technical processes, and in 
objects determining the impact on the environment e.g. preferences in 
weighting of impacts. 
• Epistemological uncertainty: due to lack of knowledge on the system 
behavior. 
• Mistakes: easy to make, difficult to find. 
• Estimation of uncertainty: estimation of the type of uncertainty is itself a 
source of uncertainty. 
 
3.2 Sources of uncertainties 
 
Uncertainty is thus an intrinsic property of all data items and the kind of 
data that is required for an assessment is highly dependent on the kind of 
assessment method, and this last one depends on the kind of question that is 
set for the product under assessment. This point will be illustrated by a brief 
survey of the different types of LCA that are commonly distinguished 
nowadays.  
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A subdivision that is often made (Ekvall, 2002; Sandén, 2005) for the 
LCA’s dealing with processes (systems or products) is: 
1. Attributional or consequential: The former one (state oriented) 
aims to illustrate the environmental impacts of a process, and the 
latter one (change oriented) deals with the impacts of changes to a 
process. 
2. Retrospective or prospective: Respectively looking back on an 
existing process, or looking forward for future impacts. 
3. Product (or process) LCA or technology LCA: For the assessment 
of respectively a product or process, or a general technology. 
Each one of these types of LCA has a different approach for defining the 
system boundaries, the functional unit and the kind of data to be used 
(Guinée, 1999). For instance, an attributional LCA of a given technological 
process uses mainly average data from a representative geographical area 
and from analogous processes, whilst in a consequential LCA data from 
marginal technologies are required for the description of the impact of the 
changes (Rebitzer et al., 2004). 
For the study of a whole industrial sector is the use of average 
macroeconomic monetary input/output and environmental data a promising 
development (Rebitzer et al., 2004; Hooijdonk, 2006), but this technique is 
not adequate for consequential LCA’s (Ekvall, 2002). 
Appendix III (Table III.1) presents an overview of the types of uncertainty 
and the points of their introduction in a LCA. There is a broad consensus 
(Huijbregts, 1998; Heijungs and Huijbregts, 2004; Peereboom et al., 1999) 
about which are the most important points of introduction of uncertainties: 
the data inventory phase of the LCA and the phase of characterization of the 
uncertainties by the user. 
With respect to the data inventory phase of the LCA the following 
subdivision can be made concerning the data belonging to the “foreground” 
and data belonging to the “background” systems (Jonasson and Sandén, 
2004; SimaPro 7, 2006). The foreground system is the system directly 
affected by the assessment (e.g. a given technological product), whilst the 
background system is indirectly connected to it, i.e. the data for generic 
materials, energy, transport, etc. (e.g. the electricity mix in the country 
where the product is being manufactured).  
This subdivision is practical for our objective due to the fact that all or the 
majority of the background data is compiled in commercial databases and the 
data uncertainties on these background data are often specified as relatively 
well known statistical distributions. On the contrary the data uncertainties in 
the foreground system are often unknown, specially in the case of new 
products. It is then reasonable to assume that the data in the background 
system is regularly updated and is often tested out by comparison with other 
sources, so that the foreground system can be considered as a much larger 
source of uncertainties than the background system. In the next chapter we 
give a survey of the available methods for handling uncertain data. 
 
3.3 Methods for dealing with uncertain data 
 
Methods for improving the data quality are surveyed by Björklund (2002) 
and a representative selection of them is given in Table 1 with a brief 
description of the method. Some of these methods are further described later 
on this section. 
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Table 1: Overview of methods for dealing with uncertainties in LCA data 
 
Method Description 
 
Standardization 
Standards like ISO 14040 define many aspects of the LCA 
and their use reduce uncertainties due to choices, system 
boundaries, functional units, etc. 
Additional 
measurements 
Each measurement provides extra information about the 
data uncertainty 
Sensitivity analysis SA can be used for the determination of the effect of the 
chosen methods and data on the outcome of a study 
Uncertainty 
importance analysis 
For the determination of the total uncertainty of the result 
due to the uncertainties of different parameters 
Databases Increasing the availability of well-defined data will facilitate 
the assessment of the uncertainties 
Data Quality Goals 
(DQG) 
Specifying the desirable characteristics of the required data 
Data Quality 
Indicators (DQI) 
DQIs can be used to express the quality of the data like: 
accuracy, bias, completeness, distribution, etc. 
 
Scenario modeling 
Evaluation of possible future situations based on specific 
assumptions about development of background, 
technologies, etc. 
Statistical analysis Using classical probabilistic distributions, Bayesian (or 
subjective view) statistics or “fuzzy” logic 
Probabilistic 
simulation 
Stochastic simulation technique like Monte Carlo (using 
random or Latin Hypercube sampling) 
Validation Mass and energy balances check can detect anomalies in 
data 
Parameter 
estimation 
For the treatment of data gaps, deriving missing data from 
similar technologies 
Higher resolution 
models 
The use of non-linear models and dynamic models can 
reduce model uncertainty 
Critical review Ensuring scientific and technical validity, appropriate use of 
data, transparency and consistency with the standard 
 
Statistical information for LCA is increasingly becoming available in 
databases and software tools for LCA (Heijungs and Frischknecht, 2005). This 
makes it possible to use standard statistical distributions for dealing with the 
data uncertainties. The most frequently used types of distributions are: 
lognormal, normal, triangular and uniform distributions. These distributions 
are shown in Appendix V together with their mathematical representation.  
Heijungs and Frischknecht (2005) demonstrate the differences in the 
representation form of these distributions and they provide the relationships 
required for the transformations of the parameters from one representation 
form to another. 
The availability of the statistical information in the LCI-data offers the 
possibility to assess the uncertainties in the outcome of the LCA by means of 
probabilistic simulation by Monte Carlo Analysis (Geisler et al., 2005; Maurice 
et al., 2000). This technique uses a large number of stochastic simulations, 
with randomly chosen parameter values taken from the chosen statistical 
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distributions, and it provides an estimate of the resulting probability density 
function (PDF) of the end results. 
Ciroth et al. (2004) propose the use of a “true” value for the input data and 
an estimation of the random errors followed by the calculation of the 
propagation of random errors by approximation formulas and a Monte Carlo 
Simulation. 
Sensitivity analysis and uncertainty importance analysis are two similar 
techniques for dealing with uncertain data (Björklund, 2002; Heijungs, 1996). 
This last technique focuses on how the uncertainty of given parameters 
contributes to the total result, but the former one is more systematic and can 
be used for estimating the effects of the chosen methods, assumptions and 
data. Factorial design, multivariate analysis and scenarios analysis are among 
others examples of methods for sensitivity analysis (Björklund, 2002). 
The identification of key issues (Heijungs, 1996; Heijungs and 
Frischknecht, 2005), i.e. the LCA aspects which need a more detailed research 
to achieve a solid conclusion, see Figure 3, can contribute to the knowledge of 
the propagation of uncertainties in underlying data. This can be described 
theoretically in mathematical terms and the influence of the uncertainties in 
the input data on the output can be calculated, but this may be for many LCAs 
cumbersome. 
 
 
 
Fig. 3: Classification of data according to their uncertainty (Heijungs, 
1996) 
 
A systematic procedure for certifying inventory data (Ansems and Lighart, 
2002) makes use of quantitative expressions for indicators as precision, 
completeness and uncertainty, and qualitative expressions as a pedigree 
matrix (Weidema and Wesnaes, 1996). This pedigree matrix is presented in 
Table 2. The DQIs are extensively used by Heijungs and Frischknecht (2005) 
as the basis for the estimation of the geometric standard deviation of a 
lognormal distribution representing the data values in the Ecoinvent database 
(Frischknecht et al., 2003). The use of the pedigree matrix and the DQIs is 
described more extensively in §5.3.3. 
 
16 
 
 
Table 2: Pedigree matrix (taken from Weidema and Wessnaes, 1996) 
 
 
 
To finalize this paragraph we refer to a publication of Heijungs and 
Huijbregts (2004), wherein they pose that the LCA practitioner, when dealing 
with uncertainties, is faced with problems at three places: 
1. The input side: where are the uncertainties and how large are they? 
2. The processing side: how do we translate the input uncertainties into 
output uncertainties? 
3. The output side: how can we visualize and communicate uncertain 
results? 
They remark at this respect that the answers to these three questions are 
highly interdependent and they illustrate this point by referring to the 
implications of the choice of Monte Carlo analysis for the processing side and 
the resulting restriction of the options for the input and output sides. They 
conclude their paper with the expectation that the inclusion of uncertainties in 
a LCA study will become a standard feature, but that the lack of clear 
standards for uncertainty gives rise to disagreements in the used 
nomenclature. 
The answers to the aforementioned three questions are investigated using 
a test case concerning a LCA-study of an emerging PV technology: thin film 
silicon. The state-of art of established PV technologies and new technologies 
as thin film silicon is introduced in Chapter 4. Chronologically the LCA-study of 
thin film silicon PV is started almost simultaneously with the in this chapter 
described literature search and analysis of the information, as it is stated in 
Chapter 3 (Methodology) and also is illustrated in Figure 2.  
The answer to question 1, quantification of the input uncertainties, is treated 
on §5.3. The quantification of the output uncertainties, question 2, is 
combined with the selection of one of the method for dealing with 
uncertainties and is the subject of §5.4 and finally question 3, concerning the 
presentation of the results, is answered in §5.4 and §5.5, where the results 
are visualized and communicated. 
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4 PV technologies 
 
Photovoltaic technology (see Appendix I) is able to convert sun’s light 
directly into electricity without any moving parts and emissions during its 
utilization phase. The first known applications of it are from the 1950s during 
the first space missions. Presently grid-connected PV is the fastest growing 
power generation technology with an approximate growth rate of 55% 
between 2004 and 2005 (Renewable Energy World, 2006; Figure 4).   
 
Fig. 4: Solar PV: Existing world capacity 1994-2006 
 
The European Commission on Photovoltaic Technology expressed recently 
the expectation that photovoltaic electricity could become competitive with 
conventional utility peak power by 2010 in Southern Europe and in most of 
Europe by 2030 (EC, 2005). In Table 3 is shown the electricity production of 
PV in context with other renewable sources. 
 
Table 3: Electricity production from renewable sources, technical potential 
and electricity generation costs (EC, 2005) 
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The PV electricity costs of 0.25-0.65 €/kWh are too high compared with the 
price of conventional electricity, 0.02-0.035 €/kWh. But the authors of this 
report consider very probable that a cost level of 0.05 €/kWh for the solar 
modules can be achieved by 2030. The prognosis for the price development in 
The Netherlands is shown in Figure 5. 
 
Fig. 5: Prognosis for the solar electricity prices in The Netherlands 
(Source: Holland Solar, 2005) 
 
In this chapter will be given a short description of the state-of-art of this 
technology and in some more detail the new emerging technology of thin film 
silicon. In Appendix I is given a short explanation of the photovoltaic effect 
that constitutes the common basis of all PV technologies. 
 
4.1 Proven technologies 
 
Wafer based crystalline silicon (c-Si) has a market share of about 90% as 
shown in Figure 6 for all PV technologies, and can be considered as the 
“standard” technology nowadays (Renewable Energy World, 2006). In this 
figure Copper-Indium-Selenide (CIS), Cadmium-Tellurium (CdTe) and 
amorphous Silicon (a-Si) are representatives of thin film technologies that will 
be described later.  
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Fig. 6: Distribution of cell production by technology 
 
There are two major representatives of the wafer based crystalline silicon 
technology: multicrystalline silicon (multi c-Si) with 56% market share in 
2006 and mono-crystalline silicon (mono c-Si) with 34% market share in 
2006. This last technique uses large cylindrical ingots of single crystal silicon 
(Czochralsky process) that are sliced into wafers of less than 200 µm 
thickness, which form the basis for the further processing to solar cells. 
Drawbacks of it are the high losses by slicing and the low throughput 
determined by the crystal growth rate (Phylipsen and Alsema, 1995). Much 
cheaper wafers can be made from multicrystalline silicon letting molten silicon 
to solidify to ingots, cutting it into blocks/bricks and a subsequent slicing into 
wafers. These wafers are further processed into solar cells and interconnected 
and encapsulated to form a solar module. 
The efficiency of these crystalline silicon PV modules is 13-15% and their 
energy payback time (EPBT) is 2-3 years for Southern Europe, being this 
about 10% of the lifetime of the solar modules (Alsema and De Wild-Scholten, 
2006b). The costs of production are mainly determined by the large amount 
and the high prices of the required solar grade silicon for the Si wafers 
(Poortmans and Arkhipov, 2006). 
 
4.2 Thin film technologies 
 
Thin film PV modules are made by coating and covering entire sheets of 
suitable substrates, e.g. glass, polymer or stainless steel, with micro-thin 
layers of conducting and semiconductor materials, followed by encapsulation 
(EC, 2005). The majority of these technologies still shows a lack of maturity 
of processes and equipment and requires further optimization of material use 
and lower energy costs. 
Thin film technology is expected to have a higher potential for costs 
reduction than the conventional crystalline silicon based technology (Kroll et 
al., 2006) due to its considerably lower use of materials and the technical 
availability of several types of chemical vapor deposition (CVD) reactors, like: 
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plasma-enhanced, hot wire, microwave, expanding thermal plasma and others 
(Löffler et al., 2006; Hong et al., 2003; Van der Werf et al., 2006). In Figure 
7 an example is given of a large area of the so-called plasma-enhanced 
chemical vapor deposition (PECVD) reactor. By these CVD techniques one or 
more thin layers of nanometers or micrometers thickness of hydrogenated 
amorphous silicon (a-Si:H), microcrystalline silicon (µc-Si:H) layers (or a 
combination of both) can be deposited on a substrate. 
 
 
Fig. 7: Schematic representation of a PECVD reactor  
(Wikipedia, 2007a) 
 
For the deposition of other micro-thin layers composing the cell concept (see 
e.g. figure 16 for an illustration) is “sputtering” an often used technique. 
Sputtering is a physical vapor deposition process, Figure 8, that frees atoms 
from a “sputtering target” by energetic ions and these sputtered atoms are 
deposited as a thin layer on a substrate. An example of the use of this 
technique is the deposition of a thin ZnO layer as a transparent conductive 
oxide (TCO) layer in a solar cell. 
 
 
Fig. 8: Deposition by sputtering (Wikipedia, 2007b)  
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In the next subparagraphs we give a short description of three different 
concepts from the many types of thin film solar cells (Bossert et al., 2002):  
1. using silicon layers (a-Si and µc-Si),  
2. using other materials than silicon, like cadmium, tellurium and others 
(CIGS and CdTe), and  
3. organic solar cells e.g. dye-sensitised (DSC). 
 
4.2.1 Amorphous or microcrystalline thin film Silicon 
 
In this technique layers of amorphous (a-Si) or microcrystalline silicon 
(µc-Si) are deposited by one or more of the above mentioned techniques of 
CVD onto a substrate. This deposition can be done on a glass substrate or, 
more commonly, on a flexible substrate using a roll-to-roll process.  
The substrate may be definitive, e.g. flexible steel as in the Flexcellence 
project (Terrazzoni-Daudrix et al., 2006), or temporary as in the Helianthos 
process, Figure 9, started by Shell Solar and AKZO Nobel and bought by Nuon 
(Schlatmann et al., 2006).  
 
 
 
Fig. 9: 30*30 cm2 module from Helianthos process (Schlatmann et al., 
2006) 
 
These PV modules are expected to achieve a stabilized efficiency of 6-9% 
(Lewis and Keoleian, 1997). Higher efficiencies, 10-11% (Repmann et al., 
2006), can be achieved with solar cells consisting of a tandem structure of 
amorphous and microcrystalline (so-called micromorph) silicon layers on a 
glass substrate (Figure 10). 
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Fig. 10: Structure of a tandem cell, amorphous and crystalline silicon 
(Repmann et al., 2006). 
 
All of these techniques can be implemented as a continuous process and 
have the advantage over batch processes in terms of costs and manufacturing 
capacity (Lewis and Keoleian, 1997). 
 
4.2.2 CIGS and CdTe 
 
These types of solar cells are also built by several layers of light absorbing 
materials other than silicon. For instance CIGS stands for “copper indium 
gallium sulphide/selenide” as the constituent materials and CdTe for 
“cadmium tellurium”. In Figure 11 is an example given of a CIGS and a CdTe 
structure. 
CIGS solar modules offer an efficiency of more than 11% (Bossert et al., 
2002). CdTe solar cells are already being produced on a large scale (e.g. a 
120 MW plant at Frankfurt (Germany) by First Solar (n.d.) and their efficiency 
is about 9% (Fthenakis and Kim, 2005). 
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A) 
 
 
B) 
Fig. 11: A) CIGS solar cell (International Solar Electric Technology, n.d.), 
B) CdTe solar cell (First Solar, n.d.) 
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4.2.3 Dye solar cells and organic solar cells 
 
The basic working principle of the dye-sensitised cells is analogous to that 
of the photosynthesis in plants. The light sensitive layer consists of an 
organic-metallic material as shown in Figure 12 using a ruthenium complex. 
 
  
 
 
Fig. 12: Dye-sensitised cell (Solar Energy Centre Denmark, n.d.) 
 
These cells are already in production (G24 Innovations, n.d.; Konarka, n.d.) 
and their efficiency at a laboratory is about 11% and their applications are 
rapidly expanding (Bossert et al., 2002). 
Organic and polymeric semiconductors like polyphenylene vinylene, copper 
phthalocyanine (a blue or green organic pigment) and carbon fullerenes are 
examples of a new research area for PV technologies and “is still a wide-open 
field”  (Bossert et al., 2002). The reported efficiencies are still in the order of 
about 5%. 
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5 Test Case: LCA and LCC of Silicon Thin Film  PV 
 
The methodology and discussion concerning the data uncertainties in 
Chapter 3 will be further investigated using an Environmental Life Cycle 
Assessment (LCA) and Life Cycle Costing (LCC) on the field of an emerging PV 
technology: thin film silicon. The LCC is simultaneously effectuated with the 
LCA by adding costing information to the collected data items, and extra 
information concerning capital goods and investments. 
 
5.1 Outline of LCA methodology 
 
Every product starts its life with its design and development, usually 
followed by the extraction of resources, the manufacturing and the use of the 
product. After the use-phase of the product it follows the end-of-life period 
with the collection and sorting of the product, its reuse and recycling and 
finally the waste disposal as depicted in Figure 13 that is deduced from 
Rebitzer et al. (2004). 
 
 
 
Design/ 
development 
Production 
Use of 
 product 
Collection/ 
sorting 
Reuse/ 
recycling 
Resources/ 
Mining 
Waste 
treatment 
Final  
disposal 
Secondary 
resources 
Post-consumer 
product 
Products 
 
Wastes 
 
 Fig. 13: Life cycle of a product (Dotted ingoing arrows= primary resources;    
dotted outgoing arrows= wastes/emissions) 
 
According to ISO 14040: “LCA addresses the environmental aspects and 
potential environmental impacts throughout a product’s life cycle from raw 
material acquisition through production, use, end-of-life treatment, recycling 
and final disposal (i.e. cradle-to-grave)”.  
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There are 4 distinct phases during a LCA study: 
1 Goal and scope definition 
2 Inventory analysis 
3 Impact assessment, and 
4 Interpretation 
 
 
 
 
 Goal and scope 
definition 
 Inventory 
analysis 
I Impact 
assessment 
Interpretation 
  Direct applications: 
- Product Development 
   and Improvement 
 
- Strategic Planning 
 
- Public Policy Making 
 
- Marketing 
 
- Others… 
 
Fig. 14: Stages of an LCA study (ISO 14040; Pennington et al, 2004) 
 
The LCA procedure is highly interactive and requires often refinements on 
each phase. The LCA phases and some of the applications are shown in Figure 
14. In the next paragraphs each of these phases will be further elaborated 
following ISO 14044. 
 
5.2 Goal and scope of the LCA  
 
Many of the aspects within this chapter have been already pointed out in 
§1.3 (Goal and scope thesis), so that only the aspects directly related to the 
LCA study will be described below. 
 
5.2.1 Goal of LCA study 
 
The LCA study on the thin film PV manufacturing process that is being 
developed at ECN, within the Flexcellence project (Terrazoni et al., 2006) 
constitutes the test case for the main subject of this thesis: how to deal with 
uncertainties in a LCA study. In the context of this thesis we refer to this 
specific manufacturing process in development at ECN as “Flexcellence 
process”. 
As pointed out in the Introduction (Figure 1, page 8) an early LCA study of a 
process or product, preferably during the design and development phase, is of 
great influence in its behavior in the subsequent phases (Rebitzer et al., 
2004).  
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The goal of this LCA study is thus twofold: 
1. to supply fundamental information on the environmental impacts and 
the production costs of the thin film PV manufacturing process under 
development at ECN, and 
2. to supply information on the data uncertainties within the LCI phase 
and for the quantification of the uncertainties in the outcomes. 
 
5.2.2 Scope of LCA study 
 
5.2.2.1 Function and functional unit 
 
The LCA and costs study will be applied on the Silicon thin film roll-to-roll 
continuous process, using the MW-PECVD (Micro Wave - Plasma Enhanced 
Chemical Vapor Deposition) technology. In Figure 15 is shown an analogous 
process from the Flexcellence participant VHF-Technologies. 
 
 
 
 
 
Fig. 15: VHF-PECVD process (Flexcell, n.d.) 
 
The basic characteristics of this process are tabulated in Table 4 for the 
assumed values as the “starting point” for the calculations and as the “goal” 
of the project. Details about the definitions, terminology and used 
relationships for the calculations on the module performance are given in 
Appendix VII. 
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Table 4 : Characteristics of a new factory within the Flexcellence project 
 
 
Starting 
point 
Goal 
Yearly  “peak” capacity 
(Pstc) 
25 MWp 25 MWp
Module efficiency (η) 5% 10% 
Power/area1 module(Pa) 50 Wp/m2 100 Wp/m2
Yearly  area module2 (A) 0.5 km2 0.25 km2
Costs/area (Ca) 25 €/m2 25 €/m2
Costs/power3 (Cp) 0.5 €/Wp 0.25 €/Wp
 1.- Pa  = η*Gstc (Gstc= 1 kW/m2, Irradiance under “standard test conditions” 
(see App. VII)) 
2.- A  = Pstc/Pa
3.- Cp = Ca/Pa 
 
In accordance with the functionality of the system, i.e. electricity 
production, and for comparison purposes with other energy generating 
technologies is chosen for kWhe produced during its lifetime as the 
functional unit for the LCA study. To determine the value of kWh produced the 
expected lifetime of this kind of solar modules needs to be estimated. Because 
of the lack of experience with this kind of solar modules it is difficult to predict 
accurately the lifetime of this technology. For the basic calculations and in 
analogy with other LCA studies on PV systems (Lewis et al., 1999; Müller, 
Wambach and Alsema, 2005; Kato, Murata and Sakuta, 1998) a lifetime of 30 
years is assumed for the PV modules and 5 years for the production 
equipment (Soppe, 2007). 
Furthermore it is common practice to take into account the effects of the 
losses due to partial shading, snow cover, heat loss and incomplete utilization 
of the irradiation in the so-called performance ratio (PR) (IEC, 1998). Again 
the lacking information on these losses for thin film silicon modules requires 
the use of an assumption based on other LCA studies. In our case a 
conservative PR-value of 75% have been assumed (IEA, 2004). 
The electricity production of the system under consideration is presented in 
Table 5 for two European locations with different solar irradiation values. 
 
Table 5: PV system output for different locations in Europe, assuming 
PR=75% 
 
 Irradiation 
Value 
(kWh*m-2*yr-1) 
Yearly electricity 
Yield 
(kWhe*kWp-1*yr-1) 
Electricity Yield 
during 
lifetime 
(kWhe* kWp-1) 
Central-Europe 1000 750 22500 
Southern-Europe 1700 1275 38250 
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For the sake of convenience and since material and energy consumption 
during the production process are closely related to the module area the great 
majority of the calculations are made on the base of m2, though the end 
results are given on the base of the functional unit kWhe produced during 
lifetime. 
 
5.2.2.2 System boundary 
 
The process flow scheme is shown on Appendix II and it represents one of 
the most probable process design within several alternatives that are being 
studied within the Flexcellence project at ECN. The process is a so-called “roll-
to-roll” continuous process, consisting of 10 distinct sub-units connected in 
series, each one with its own functionality. In this process are subsequently 
deposited different layers of materials on a flexible stainless steel substrate as 
is schematically shown in Figure 16. 
 
flexible substrate
back contact
n-layer
μc-Si i-layer
p-layer
TCO
metal grid
light
reflection layer
barrier layer
flexible substrate
back contact
n-layer
μc-Si i-layer
p-layer
TCO
metal grid
reflection layer
barrier layer
p-layer
a-Si i-layer
n-layer
a-Si top cell
μc-Si bottom cell
 
 
 
Fig. 16: Schematic representation of the layers in a Flexcellence module 
(left: µc-Si; right: a-Si/µc-Si) 
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The post-use phases (i.e. Collection/sorting and Reuse/recycling) in the 
life cycle, see Fig. 13 (§5.1), are not considered in this LCA study due to the 
lack of experience with them using this specific type of solar modules. For LCA 
studies, in analogy with energy analysis, there are commonly three distinct 
orders available for the choice of the boundaries (SimaPro 7: Introduction to 
LCA): 
1. First order: only the materials as present in the product. 
2. Second order: all material/energy flows including operations, but no 
capital goods. 
3. Third order: material/energy flows including operations and including 
capital goods.  
For both the LCA and LCC of the Flexcellence process is the inclusion of capital 
goods and materials within the boundaries needed. The use-phase of the end 
product is also included, although the costs, the energy use and the 
wastes/emissions during this phase are known to be much less than those 
during the production phase of the module (Alsema and De Wild-Scholten, 
2006). 
Emissions are defined (Guinée, 2001) as any kind of physical or chemical 
release to the environment and considered as an environmental intervention. 
Wastes are defined as an output flow with a negative or zero economic value. 
When this flow has a positive value it will be considered as a product. 
 
   Wastes / 
    emissions 
  Product    Use 
phase 
   Energy 
Capital goods 
+ transport 
  Materials + 
transport  End Product  
+ transport     
 BOS 
 mounting 
Maintenance 
Collection 
Recycling 
 Final 
disposal 
  Utilities  
 
Fig. 17: System boundaries (        ) and processes inside and outside the 
system (           = energy input flows;             = wastes and emissions)  
 
These considerations, exclusion of phases in the life cycle and the inclusion of 
capital goods, lead to the choice of a 3rd order boundaries for the 
environmental impact assessment as schematically presented in Figure 17. 
These boundaries apply for both assessments: environmental impacts and 
costs. 
In the next 3 subparagraphs we elaborate in more detail the specific 
methodological aspects related to the LCA/LCC test-case, that were briefly 
exposed in §2 (Methodology). 
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5.2.2.3 Impact assessment methodology 
 
For the assessment of the environmental impacts of PV technologies 
(Alsema et al., 2006; Fthenakis and Alsema, 2006; De Wild-Scholten, 2007; 
Veltkamp and De Wild-Scholten, 2006) the predominant issues are the life 
cycle energy consumption and the life cycle greenhouse gas (GHG) emissions. 
The issue of resources depletion is for solar cells based on metals like 
cadmium, selenium and tellurium (Andersson et al., 1998) of great relevance. 
Except for silver depletion is this issue for the a-Si/µc-Si thin film solar cells of 
less relevance (Andersson and Jacobsson, 2000).  
The environmental impact is assessed by the CML 2 Baseline 2000 method 
(Heijungs et al., 1992). The impact categories assessed by this method are 
used by most LCA studies: depletion of abiotic resources, climate change, 
human toxicity, stratospheric ozone depletion, fresh-water aquatic eco-
toxicity, marine eco-toxicity, photo-oxidant formation, acidification and 
eutrophication. 
For the assessment of life cycle energy consumption is used the Cumulative 
Energy Demand (CED) method, developed by EcoInvent (Frischknecht et al., 
2003) and implemented in SimaPro 7. The CED method calculates the total 
primary energy consumption for the considered process or product throughout 
its life cycle. The categories for the primary energy resources are: the non-
renewable fossil and nuclear, and the renewable biomass, hydro, and the 
combination of wind, solar, geothermal. 
The costs of materials used, capital goods, energy inputs and labor are used 
for an economical evaluation of the total production costs per unit produced 
energy. 
Based on these considerations the LCA/LCC study is focused on the next 
indicators:  
• Energy Payback Time (years): the quotient of the CED (i.e. the 
invested primary energy (energy to extract, process and transport raw 
materials plus energy for manufacturing PV module and transporting it to 
the end-user)) and the annual energy production of the solar module. 
• The Global Warming Potential (CO2-eq/kWh): an indicator for the 
total Greenhouse gas emission (GHG) estimated by using the IPCC 2001 
GWP100a (version 1.02) method, and 
• The total direct production costs (€/Wp): the following items are 
taken into account: material and energy for manufacturing and transport, 
labor wages, equipment and factory construction. 
It is assumed that during the lifetime of the PV module and the production 
equipment there are no changes in the impacts of energy use and materials, 
e.g. the energy production mix or the costs of materials and equipment.  
In ISO 14044 is recommended to use certain initial threshold (cut-off) 
values for the inclusion of input flows and output flows. These values can be 
applied for the significance of mass, energy, costs and environmental impact. 
For instance mass flows items smaller than an a priori chosen percentage, say 
1%, of the total mass flow could be probably neglected without a noticeable 
influence on the total impact, reducing the required time effort for the data 
inventory. But as pointed out in the “Introduction to LCA” (SimaPro 7, §2.3.3, 
page 7) the inclusion of a threshold value for the environmental impact seems 
to be a relevant item, but it creates some problems in practice. For example 
the real environmental contribution is not known before the flow is 
investigated, and once it is investigated why should it not be used? For this 
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reason and given the high level of uncertainties in the underlying process the 
decision is taken not to use threshold values for this study. 
 
5.2.2.4 Types and sources of data 
 
The data types to be used are material and energy inputs and outputs 
(emissions and wastes) and products, and for the costs analysis the costs of 
materials/energy, and costs for capital goods and labor. These data is 
normalized per functional unit, i.e. kWhe produced. 
The main data sources are: the production site (ECN) and other 
Flexcellence participants, Database Ecoinvent 1.3, PV manufactures and 
literature. In accordance with the procedure used by SimaPro the data quality 
“should” address the following quality indicators: 
• recent data (1997 and later) 
• from Western Europe 
• future (emerging) technologies 
• estimates for functional unit 
• consistency and reproducibility 
• measure of uncertainty (see §1.3: Goal Thesis) 
Fulfillment of these preferences guarantees a “good” score for the indicators 
in the pedigree matrix in Table 2 (page 17), viz.: reliability, completeness, 
temporal correlation, geographical correlation and further technological 
correlation. These considerations are discussed later on §5.3.3 where the 
Data Analysis is described 
 
5.2.2.5 Critical Review 
 
In order to ensure consistency of used methods, technically and 
scientifically validation, correctness of the used data, etc. is suggested that a 
critical review should be effectuated at selected points of this research study 
as recommended in ISO 14044. For the effectuation of this review has been 
asked the collaboration of an external LCA expert: Erik Alsema from the Dept. 
of Science, Technology and Society, University of Utrecht (The Netherlands).  
 
5.3 Life Cycle Inventory (LCI) 
 
In this phase the user specifies the inputs and outputs to the environment 
system and the boundaries between the product system under study and 
other systems (Guinée et al., 1993). This is the most demanding phase 
(SimaPro 7: Introduction LCA), the most time-consuming (Rebitzer et al., 
2004) and the phase offering the greatest potential for savings (De Beaufort-
Langeveld et al., 1997), but also the most important source of uncertainties 
(Björklund, 2002). 
 
5.3.1 Data collection 
 
The data types and sources are already specified in the scope (§5.2.2.4), 
the data collection itself is done using the sub-units in the process flow 
scheme (Appendix II). Each sub-unit has been considered separately and the 
underlying process function and process steps have been taken into account. 
Subsequently, using the known process conditions and the wanted product 
specification, together with the corresponding physical properties, the final 
normalized data per unit area (m2 of module) has been calculated in a 
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spreadsheet (Salve, 2008) wherein also can be found the used relationships 
(e.g. ideal gas law, units transformations, sources of information, etc.). 
Henceforth we refer to these personally collected data items as the 
“foreground” data. 
The majority of the collected data was obtained from the participants to 
the Flexcellence project, albeit often based on lab scale process experiences. 
Information from external industrial organizations concerning issues as 
energy contents or manufacturing costs of products was very scarce due to 
confidentiality. Other LCA studies and technical handbooks have been an 
important source of information too. Patents were also consulted but in the 
most cases they did not offer relevant information for our aim. 
Data items, that are not personally collected using one of the above 
mentioned methods, are taken from the Ecoinvent database (Ecoinvent 
Centre, n.d.) in SimaPro. The database is characterized by, among others: 
• Broad range of data 
• Specification of uncertainty data, as lognormal distribution 
• Including capital goods as standard, and 
• Regularly updated 
Special mention should be done concerning the data gaps related with the 
collection of the production energy requirements of materials that were not 
included in the Ecoinvent database and for which no information was found 
elsewhere during the data inventory. A value of 0 (zero) has been used for 
the data gaps concerning the next items: 
• Nanoxid silicon based paint 
• Deliverable 2.5 targets 
• Silver paste 
• Tefzel fluoropolymer 
• Insulating pasta 
 
5.3.2 Selection of methods for data handling 
 
The experiences done during the data collection confirmed the assertion 
made at the beginning of this paragraph as being the LCI phase the most 
important source of uncertainties. When we consider the type of uncertainties 
met during the data collection for this specific LCI the next eight types of 
uncertainties were mainly found: 
1. Data inaccuracy  
2. Data gaps 
3. Unrepresentative data 
4. Uncertainty due to choices  
5. Variability between objects/sources  
6. Epistemological uncertainty 
7. Mistakes  
8. Estimation of uncertainty 
 
With the exception of the last two types of uncertainties are the foregoing 
six closely related to the emerging character of the technology under 
consideration and they will be probably present in most of the LCAs dealing 
with processes in a development phase. All these eight types of uncertainties 
in this LCI are explained and emphasized (darker colored fields) in Table III_1 
in Appendix III.  
Based on this last table and on the overview of tools for addressing data 
uncertainties that is already presented in Table 1 (§3.3) a new table is set up, 
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Table 6. In this table are the just named eight types of uncertainties 
emphasized and a “x” occurrence for a given tool indicates that this tool can 
be used for handling this type of uncertainty. The tools are ordered according 
(from high to low) the number of occurrences (last column) within the 
emphasized columns, indicating thus the number of uncertainty types 
(maximum 8) tackled by the corresponding tool. 
 
Table 6: Best applicable methods for handling the uncertainties in the LCI 
(Based on Björklund, 2002) 
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Critical review  x x  x    x x x 6 
Additional measurements x x x     x     4 
Sensitivity analysis x  x x x x x x     4 
Uncertainty importance 
analysis x  x x x x x x     4 
Databases  x x        x 3 
Scenario modeling   x x x x x x     3 
Data quality goals x  x          2 
Data quality indicators x  x          2 
Classical statistical analysis x     x x x     2 
Bayesian statistical analysis x     x x x     2 
Probabilistic simulation x       x     2 
Validation of data          x   1 
Parameter estimation  x           1 
Interval arithmetic x            1 
Vague error intervals x            1 
Rules of thumb x            1 
Higher resolution models    x  x x      0 
 
Most of these tools were already briefly introduced in §3.3 (Methods for 
dealing with uncertain data) and in the next we give a further description and 
a preliminary evaluation of the characteristics of each of these tools: 
1 Critical Review is according to this table the best applicable tool for 
our aim and is already chosen within the scope of this study 
(§5.2.2.5). It can handle 6 (i.e. 75%) types of the uncertainties found 
in this LCI. 
2 The performing of additional measurements can be found within the 
group of three tools handling 50% of the uncertainty types (4 
occurrences), when possible, a beyond doubt a practical tool for 
tackling an uncertainty.  
3 Sensitivity analysis (Van der Sluijs and Janssen, 2004) and 
Uncertainty importance analysis are very similar (Björklund, 2002) 
35 
 
tools, but their use in a thoroughly quantitative analysis is very time 
consuming. 
4 Less applicable according to this table, but without any doubt of high 
relevancy, is the use of Databases containing a large amount of data 
concerning the background of the process and alleviating the task of 
finding data values during the LCI phase. 
5 Scenario modeling is an attractive tool for prospective LCA (see 
§3.2) where temporal and spatial variability plays a predominant role, 
but it is of little relevancy for this LCA study with large uncertainties in 
the process data.  
6 The use of DQI or DQG is easy to perform, is a standard tool within 
SimaPro and gives information on the “quality” of the data, but it can 
be also used for quantitative use as it is shown in the next paragraph. 
7 Within the statistical analysis methods, (classical or Bayesian) and 
probabilistic simulation is the Monte Carlo Analysis (MCA) of 
practical use and very frequently used for the assessment of 
uncertainties (Webster and Mackay, 2003; Maurice et al., 2000; 
Ansems and Lighart, 2002; EPA, 1997; Van der Sluijs and Janssen, 
2004; Sonnemann et al., 2003). This method can also be combined 
with the use of key issues (Heijungs and Huijbregts, 2004). 
8 The other tools in Table 6 are of little interest for our LCA study and 
are not further considered.  
All the above mentioned (and bold written), except scenario modeling, were 
taken into account for developing a practical method that could be combined 
with the facilities offered by SimaPro and resulting in the method described 
in the next paragraph.  
 
5.3.3  Data analysis 
 
As pointed out in the foregoing paragraph are DQIs common use and 
standard for the software tool SimaPro. In this program the user defines a 
profile for the data he or she wants to use. For this purpose the user defines 
his or her preferences for: 
• Time of data collection 
• Region 
• Representativeness and type of technology 
• Allocation 
• System boundaries 
 
The computer program keeps track of mismatches between what the user 
wanted and what the user finally made (SimaPro 7 “Introduction to LCA”, 
page 9). 
The database Ecoinvent, that is also included in SimaPro, uses an 
extension of the pedigree matrix as firstly proposed by Weidema and Wesnaes 
(1996). This matrix is shown in Table 2 (§3.3) and the Ecoinvent database 
uses an extension of it up to 6 criteria:  
1. Reliability 
2. Completeness 
3. Temporal correlation 
4. Geographical correlation 
5. Technological correlation 
6. Sample size (N) 
 
36 
 
Each criterion receives a score of 1 up to 5. The scores for the first 5 criteria 
are assigned as in the original pedigree matrix, and for the sixth and last 
criterion the corresponding score values are: 
1 : N > 100, continuous measurement, balance of purchased products; 
2 : 20 < N ≤ 100; 
3 : 10 < N ≤ 20, aggregated figure in environmental Report; 
4 : 3 ≤ N  ≤10; and 
5 : N < 3 or N = “unknown”  
 
Subsequently each data item in Ecoinvent receives a list of six figures, e.g. 
(1,2,1,5,1,3), indicating its score within this extended pedigree matrix and 
finally an asymmetric lognormal distribution (Heijungs and Frischknecht, 
2005) is assumed for the data values. The mathematical aspects of this 
distribution and its different mathematical annotation are briefly shown in 
Appendix V. Within Ecoinvent is this distribution characterized by two 
parameters: the mean value, µ; and the square of the geometric standard 
deviation, SD95. In this case 95% of all values lies between µ/SD95 and 
µ*SD95.  
An estimate for the square of the geometric standard deviation SD95 is 
calculated as follows: 
 
[ ]6 22 295
1
exp ln( ) {ln( )}i bSD X X
⎧ ⎫⎪ ⎪= +⎨ ⎬⎪ ⎪⎩ ⎭∑   (1) 
 
In this formula Xi is a default uncertainty factor depending on the score 
value given to each of the six criteria described above. The factor Xb is a so-
called basic uncertainty factor that is based on expert judgment and 
depends on the kind of input item (thermal energy, transport, infrastructure, 
chemical product, etc.).  
When the accuracy of the data or its probability distribution function is 
known or can be calculated, e.g. when enough measurements are available 
then the user can fill this information for the corresponding data item within 
SimaPro. In the test-case of this research is this information not available 
because of scarceness of the data availability, the data is highly dependent on 
expert’s assumptions and often proceeding from a small number of 
measurements. The above mentioned Ecoinvent procedure requires an 
adaptation for this test-case as it is described below. 
For this purpose we need first to assume that the calculation method in 
Ecoinvent for the uncertainty factors Xi and Xb for the database items is 
applicable for our LCI data items. The validity of this assumption has not been 
verified and could be a topic for further research. 
Then we choose the values for the basic uncertainty factor Xb given in the 
Introduction to LCA (SimaPro 7, page 32). For the “foreground”  LCI data in 
this study, that mainly contains data for energy and resources, is assumed 
the mean value of these groups of data, i.e. a value of 1.4 for Xb. 
Finally the default uncertainty factors Xi for each data item are deduced from 
their 6-figures score within the “extended pedigree matrix” as it is given in 
Table 7. 
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Table 7: Default uncertainty factors (From Frischknecht and Jungbluth, 2004) 
 
 
    SCORE   
 Criteria 1 2 3 4 5 
1 Reliability 1.00 1.05 1.10 1.20 1.50 
2 Completeness 1.00 1.02 1.05 1.10 1.20 
3 Temporal correlation 1.00 1.03 1.10 1.20 1.50 
4 Geographical correlation 1.00 1.01 1.02 ------- 1.10 
5 Further technological correlation 1.00 ------- 1.20 1.50 2.00 
6 Sample size 1.00 1.02 1.05 1.10 1.20 
In Appendix IV are given the data items, their uncertainty factors computed 
according the method described in this section using the pedigree scores 
values and the final estimate of the data uncertainty, Equation (1), for the LCI 
data. 
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6 Assessments of Life Cycle Impact (LCIA) and Production costs 
 
Deduced from the discussion about the applicability of the methods for 
handling the uncertainties presented in the foregoing paragraph (§5.3.2) and 
based on the methodological approach described in Chapter 2 (see also Figure 
1) the next iterative procedure is adapted for performing the environmental 
impact assessments: 
1. Select the wanted assessment method (i.e. Cumulative Energy 
Demand v1.03 (CED), CML 2 Baseline 2000 (CML)) 
2. Compute a Monte Carlo simulation of the total PV module and 
determine the uncertainties in outcome due to the uncertainties of the 
“foreground” data 
3. Identify the most relevant sub-processes, i.e. the sub-processes giving 
the largest impact 
4. For the sub-process(es) from 3: identify the key issues and quantify 
their impacts 
5. Try to get additional information on the key issues in order to decrease 
their uncertainty (e.g. by performing additional measurements) 
6. If necessary repeat from step 2 
7. Report conclusions and evaluate results. 
 
This procedure has been used for the calculation of  the Energy Payback 
Time and the Global Warming Potential and these results are given in the next 
two paragraphs, §6.1 and §6.2.  
Due to the fact that SimaPro does not offer ready-to-use possibilities for costs 
assessments a different approach has been adapted for this purpose. The 
used method and the final assessment of the production costs are given in 
§6.3.  
It is worth to recall here the remark made in §3.2 that the uncertainties in 
the “foreground” data, especially for new products, are the largest source of 
uncertainties. For the quantification of the propagation of the uncertainties 
from the “foreground” data during the computation it is required to exclude 
the uncertainties in the “background” data from the calculations. During the 
preliminary runs with SimaPro for testing alternatives for this purpose were 
some anomalies found when using the Monte Carlo Analysis. These anomalies 
are illustrated in Appendix VI wherein the CED v1.03 method is applied, in 
combination with MCA, for the analysis of one process from the Ecoinvent 
database: “Building, hall/CH/I”.  
In this example the CED, required for the construction of a production hall of 
given size and characteristics, was calculated using two different approaches. 
The only difference between both runs was the use of the option “Units” or 
“Systems” within the SimaPro software for the “background” processes. In the 
first option all the underlying sub-processes, e.g. material ore winning, 
transport, road construction and many others, are included and calculated as 
separate units. In the latter one all the inputs and outputs from all the (sub)-
processes are calculated separately. The first option is usually preferred by 
the user because of its simplicity and faster computation speed (drawback is 
the creation of round-off errors!). The end results are the same for both 
options in standard calculations, but when the Monte Carlo method is used the 
end results for the mean and median values are clearly different (see 
Appendix VI) and only correct when using the option “Systems”. By these 
reasons and after consultation with the software-helpdesk (Pré Helpdesk, 
39 
 
conference call December 4th, 2007) the option “Systems” is further used for 
all subsequent calculations. 
 
6.1 Energy Payback Time 
 
As pointed out in §5.2.2.3 the assessment method for the evaluation of 
the EPBT is based on the CED v1.03 method. Furthermore is assumed an 
energy mix corresponding to the average for the “Union for the Co-ordination 
of Transmission of Electricity” (UCTE) countries. This organization coordinates 
the interests of transmission system operators in 24 European countries 
(UCTE, n.d.). The cumulative energy demand, as calculated by SimaPro using 
MCA after 1000 runs, is shown in the histogram in Figure 18. 
 
 
Fig. 18: Histogram from MCA calculations (1000 runs) of the Cumulative 
Energy Demand for Flexcellence PV module. 
 
The histogram shown in this figure is presented only for illustration purposes. 
Its form is almost symmetrical and it was experimentally found that a number 
of 1000 runs was enough in order to achieve reproducible results. The “single 
score” outcome for the CED is given in Table 8 and it gives the sum of all the 
sources of energy for the considered energy mix and is expressed as the 
equivalent amount of primary energy required (MJ-eq.). 
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Table 8: Cumulative Energy Demand results after 1000 MCA runs for the 
Flexcellence module (including frame) 
 
 CED 
(MJ-eq/m2 
module) 
Median 387 
Mean 391 
Standard deviation 44.5 
2.5% percentile 316 
97.5% percentile 486 
 
In Figure 19 is shown the relative impact per sub-process to the 
cumulative energy demand. From this figure can easily be deduced that the 
“encapsulation” sub-process is responsible for about 28.1% of the total 
energy demand. The next highest energy consumers are: the “steel 
substrate” with 15.3%, the “framing” with 14.6, the “ZnO TCO-layer” with 
14.0 and the “p-i-n layer” with 9.8%. 
 
 
 
Fig. 19: Relative contribution of each sub-process to the Cumulative 
Energy Demand for Flexcellence PV module. 
 
The computed CED values and the 95% percentiles of each of these five 
sub-processes are presented in Figure 20. Herein is the large effect of the 
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uncertainties in the input data through the calculation process into the 
outcomes.  
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Fig. 20: Mean Cumulative Energy Demand for 5 sub-processes within 
Flexcellence PV module manufacture, and their 95% percentiles values (Only 
uncertainty of foreground data included). 
 
For the CED consumption in the “encapsulation” are two sources 
responsible: for about 2/3 the electrical energy required for the drying and 
curing of the Tefzel film, and for about 1/3 the energy required for the 
manufacturing of this film. The energy use for the manufacturing of stainless 
steel and for the manufacturing of aluminium frames are respectively 
responsible, almost exclusively, for the CED within the “substrate” and the 
“framing” sub-processes. But as it is shown in Figure 20 the range of 
uncertainties in these results is very high (often more than 50% of the mean 
value).  
In Table 9 are given the EPBT-values together with their 2.5% and 97.5% 
percentiles for the combination of 5% and 10% module efficiency, and for the 
locations South-Europe and Central-Europe. These values are based on the 
results presented in Table 8 and the definition of the EPBT given in §5.2.2.3. 
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Table 9: Energy Payback Times (years) for the Flexcellence module 
(including frame)1 
 
 
 
 
 
 
 
 
 
 
1.  Frame only: in Central Europe, and 5% efficiency is the 
EPBT=0.13 years (range: 0.08 – 0.20 years) 
 
It should be noted here that these values concern the EPBT related to the 
solar module within the boundaries of this LCA study (i.e. the Balance Of 
System (BOS) and the recycling of the module are not taken into account). In 
the next chapter (Chapter 7: Discussion) we’ll present some information 
about the EPBT of the Flexcellence PV module including the BOS. 
 
6.2 Global Warming Potential 
 
For the assessment of the environmental impact is used the CML 2 
Baseline 2000 method (see §5.2.2.3) and also in this case was experimentally 
found that a number of runs (1000) were sufficient for a good reproducibility 
of the MCA calculations. The resulting histogram for the GWP100 values from 
a MCA simulation is presented in Figure 21. In this figure it can be seen that 
the distribution is rather symmetrical. The values of the mean and the median 
therefore do not differ significantly. In the legend are given the numerical 
values of the relevant parameters of the probability distribution function (PDF) 
of the GWP100 indicator expressed as kg CO2-eq/m2 module. 
 
 
  
Southern 
-Europe 
   
Central- 
 
Europe 
Module  
efficiency 
Mean 2.5% 97.5% Mean 2.5% 97.5% 
5% 0.5 0.4 0.7 0.9 0.7 1.1 
10% 0.3 0.2 0.3 0.4 0.4 0.6 
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 Stand. dev.:   5.2 
 2.5% perc.: 25.0 
97.5%   “    : 45.4 
------------------------- 
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Mean:    7.6 
 2.5% perc.:   4.7 
97.5%   “.   : 11.5 
Mean:  33.9 
Median:  33.2 
 In kg CO2-eq/m2 module 
 
Laminate+frame 
Fig. 21: Histogram of the Global Warming Potential GWP100 values (after 
1000 MCA runs) for the Flexcellence PV module 
 
Subsequently we take a look at the relative impact to all the 
environmental impact indicators used by the CML 2 Baseline 2000 method. 
The results are given in Figure 22. Noticeable in this figure is again the 
predominant presence of the impact from the “encapsulation” & ”framing” 
sub-processes in the GWP100 indicator, respectively 47.1% and 22.9%. As it 
was stated in the scope of this LCA study we focus only on the Global 
Warming Potential indicator so don’t discuss in detail other impact indicators. 
Nevertheless we mention here some “striking” facts from this figure, like the 
high contribution of the “encapsulation” sub-process to the Ozone Depletion 
Potential (ODP) indicator. Also remarkable are the high contributions of the 
“substrate” sub-process to the “toxicity” indicators (Human, Fresh Water and 
Terrestrial). These effects are probably due respectively to the manufacturing 
processes of the Tefzel film and the stainless steel substrate, but this 
hypothetical explanation is not further studied in this research. 
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Fig.22: Breakdown of environmental impacts for the CML 2 Baseline 2000 
Method from the Flexcellence PV module2
 
In an analogous way we present in Figure 23 all the environmental 
impacts from the CML 2 Baseline 2000 method again, but showing now the 
95% percentiles as a percentage of the total impact (100%). 
                                          
2 The dark red-colored reference in the legend to “PV module Flexcellence” refers to 
the total process and has no significance within the context of this figure 
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Fig. 23: 95% percentiles for each environmental indicator from the 
Flexcellence PV module 
 
Remarkable are here the high 95% percentiles for the Ozone layer Depletion 
Potential (ODP), the Human toxicity and the Fresh water aquatic ecotoxicity, 
but we recall here that the showed ranges are relative to the “normalized” 
total values and they do not express the absolute values of the impacts. 
In Figure 24 is shown the network of the contributions to the GWP100 by 
the most relevant sub-processes, i.e. those sub-processes having a 
contribution higher than 4% of the total GWP100. This figure allows us to 
focus on the “encapsulation” and “framing” sub-processes, and it illustrates 
clearly that the fabrication of the Tefzel film and of the aluminium alloy for the 
frame are the main contributors to the GWP100 of these two sub-processes. 
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Fig. 24: Network of sub-processes contributions to the Global Warming 
Potential GWP100 of the Flexcellence module (cut-off = 4%) 
 
In analogy with the foregoing paragraph on the EPBT calculations we give 
in Figure 25 the 95% percentiles for the “encapsulation” and the “framing” 
sub-processes, that together contribute for 80% of the total GWP100 indicator 
of the Flexcellence PV module. Again the large effect of the uncertainties in 
the input data onto the outcomes is shown clearly. 
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Fig. 25: Global Warming Potential (GWP100) values and their 95% percentiles 
for two sub-processes from the manufacture of Flexcellence PV modules. 
(Only uncertainties in the foreground data are considered) 
 
In this paragraph we’ll give finally the GWP100 values for Southern and 
Central Europe, assuming 5% and 10% module efficiencies, a performance 
ratio (PR) value of 75% and assuming 30 years for the lifetime of the module. 
These results are presented in Table 10, together with their 95% percentiles. 
 
Table 10: Global Warming Potential (g CO2-eq/kWhe) for the Flexcellence 
module (including frame)1  
 
 
 Module  
 Efficiency 
   
Southern 
Europe 
   
 
Central 
Europe 
 
 Mean 2.5% 97.5% Mean 2.5% 97.5% 
5 % 17.7 13.1 23.7 30.1 22.2 40.4 
10 % 8.9 6.5 
 
 11.9 15.1 11.1 
 
 
1.- For the frame: Central Europe, 5% efficiency, GWP100 = 6.8  
(95% percentiles: 4.2 and 10.2) 
 
6.3 Production costs 
 
As it is pointed out at the beginning of this chapter a different procedure 
for the calculation of the production costs had to be adopted. The collection of 
information on the prices of the used materials and energy was 
20.2 
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simultaneously done with the collection of the amounts of these items, but no 
information has been found concerning the uncertainties on the prices. The 
use of a method as Input-Output Analysis (IOA) for this purpose was 
considered inappropriate due to the consideration that this method is itself 
inaccurate (Hooijdonk, 2006; Blok, 2006) and would introduce its own 
uncertainties.  
For the production costs the next components are considered: equipment, 
factory construction, labor wages, material and energy consumption. The 
cleaning of the devices and working spaces, utilities and maintenance costs 
are not taken into account. The values used for the investments in the 
equipment and in building up a 25 MWp factory are given in Table 11, and 
these values are based on internal information at ECN (Soppe, 2007). 
 
Table 11: Investment (M€) data for Equipment and Factory Construction 
of a 25 MWp Flexcellence module factory 
 
 Equipment Factory 
Construction 
Mean value 47.5 47.5 
Range: (Low, High) (40, 55) (40, 55) 
Depreciation rate (%) 5 5 
Lifetime (years) 5 30 
    
For a new plant with a capacity of 25 MWp , located in Germany is 
assumed, that it would require about 100 workers with an average yearly 
wage of €40000, with a range of €35000 and €45000. This assumption is 
based on other similar factories that are planned for construction, or already 
in production (Keshner and Arya, 2004; Uni-Solar, n.d.; Ersol, n.d.; SCHOTT, 
n.d.). 
For the materials and energy (exclusively as electricity) required for the 
production of the PV modules is taken the LCI-data with the estimated 
lognormal distribution and SD95 –values from Appendix IV. This information is 
combined with the corresponding costs per unit in order to quantify the total 
material and energy costs, together with lower and higher estimates. These 
values are collected and presented in Appendix VIII, together with the 
breakdown of the electricity consumption per sub-process (Fig. IX.1) and the 
breakdown of the costs of materials (Figure IX.2). The total final costs 
assessment and an estimate of the uncertainty range is shown in Figure 26. 
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Fig. 26: Production Costs(€/m2 module) for the Flexcellence PV module 
 
Using the assumptions as made in the foregoing two paragraphs 
concerning the performance ratio (PR) and the irradiation values for Southern 
and Central Europe we can derive the Production Costs of the PV module with 
respect to Wattpeak power, Table 12, and with respect to the chosen 
functional unit kWhe, Table 13. These values are given in both tables together 
with the lower and higher estimated values for the production costs. 
 
Table 12: Production costs (€/Wp)of the Flexcellence PV module per 
Wattpeak power 
 
Module 
Efficiency 
 
Mean 
 
Low 
 
High 
5% 1.19 0.88 1.67 
10% 0.60 0.44 0.84 
 
 
Table 13: Production Costs (€ct/kWhe) of Flexcellence PV module per 
electricity produced. 
 
 
Module 
Efficiency 
  
Southern 
Europe 
   
Central 
Europe 
 
 
 
 
 
Mean Low High Mean Low High 
5% 
 
 3.1 2.3 4.4 5.3 3.9 7.4 
10% 
 
1.6 1.1 2.2 2.7 1.9 3.7 
 59.8 
  82.3 
 44.2 
 
 
50 
 
7 Discussion 
 
In this chapter we make a comparison of the outcomes of the LCA study 
with the values presented in other publications for the EPBT, the GWP100 and 
the production costs. For this comparison it is required to take into account 
the used conditions or assumptions and eventually to transform the presented 
values to the same reference values. For instance an EPBT of 2 years for a 
module with and efficiency of 8% corresponds to an EPBT of 1.6 years for a 
module with an efficiency of 10% (i.e. 2*8/10).  
The reference conditions for this comparison are: 
• Module efficiency:   10% 
• Irradiation:   1000 kWh/m2/yr 
• Performance Ratio:   75% 
• Lifetime module:  30 years 
• Efficiency electr. supply: 11.6 MJp/kWhe 
 
In Table 14 is given a survey of some values from other LCA studies together 
with the end results of this thesis. Other LCA studies may have used other 
databases/data for background data. Another complicating factor for the 
comparison is the difference in the used system boundaries, e.g. in the study 
of Alsema (1998) is the ancillary process energy included as well as the 
energy for installation and decommissioning. 
 
Table 14: EPBT and GWP100 values for thin film modules from literature 
and this thesis at reference conditions. 
  Cell 
type 
Year of 
 
 
 
 
 
 
 
 
 
 
 
 
publication 
EPBT 
(years) 
GWP100 
(gCO2-eq 
/kWhe) 
Alsema CdTe 1998 1.9 - 3.22 n.a. 
Fthenakis & Kim CdTe 2005 1.2 31 
SENSE3 CdTe 2007 2.5 56 
SENSE3 CIGS 2007 2.3 49 
Veltkamp & De Wild DSC 2006 1.3 20 
Alsema a-Si 1998 1.6 - 3.01 n.a. 
Goulpié a-Si 2004 1.0 n.a. 
SENSE3 a-Si 2007 2.8 89 
0.4 – 0.64This thesis Flexc. 2008 11.1 – 20.24
1. Min – max values from 10 sources 
2. Min – max values from 4 sources 
3. For power plant installations (laminate + frame + BOS) 
4. 95% percentiles (laminate + frame) 
 
Combining the results for other types of PV modules (mono-cSi, multi-cSi 
and ribbon Si) taken from (De Wild-Scholten, 2007) with the results in this 
thesis and using realistic estimates for the cumulative energy demand and 
GHG emissions due to the Balance of System (BOS= inverter, cabling and 
mounting system) components for thin film modules we can make a 
comparison with the Flexcellence EPBT-results (Figure 27) and GWP100-
results (Figure 28). 
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Fig. 27: Energy Payback Time for different types of PV modules installed in 
Southern Europe. (Percentages are the module efficiencies) 
 
 
Fig. 28: Life Cycle CO2-eq emissions for different types of PV modules. 
(Percentage are module efficiencies) 
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It is also interesting to make a comparison of the GHG emissions for 
several kind of electricity generation sources. This comparison is shown in 
Figure 29 for non-renewable sources (coal, gas and nuclear) and renewable 
sources (biomass, wind, and solar). The data for this figure has been taken 
from Alsema (2006) and extended with the outcomes in this study for 
Flexcellence modules (10% efficiency, 30 years lifetime). 
 
 
Fig. 29: Life Cycle Greenhouse Gas emissions for several electricity generation 
sources (Taken partly from Alsema, De Wild-Scholten and Fthenakis (2006)). 
 
With respect to the production costs it is difficult to find enough examples 
containing information on the production costs. The main reason for this could 
be the relatively small number of manufacturing plants for thin film PV 
modules and the confidentiality of the information. A further complication for 
comparing costs is caused not only by the differences in used functional unit, 
but also due to the differences in the used system boundaries and system 
components. In Table 15 are shown the costs of several type of thin film solar 
modules for comparable system boundaries. 
Table 15: Manufacturing costs (€/Wp) of thin film PV modules 
 
 Cell 
type 
Year of 
publication 
Costs 
(€/Wp) 
Bossert a-Si1 2002 0.55 – 0.752
0.84 – 1.132 CIGS  
0.86 – 1.242 CdTe  
 DSC  0.48 
This thesis Flexcell. 2008 0.60 (0.44-0.84)3
1. Expected values for year 2005 
2. Min – max values 
3. Mean (min-max) values 
 
53 
 
8. Conclusions and recommendations 
 
In the foregoing two chapters we have given the results from the LCA test 
case including estimates for their uncertainties, furthermore we have 
presented these results from a perspective view of other energy sources and 
PV techniques namely: established ones as CCGT, nuclear and crystalline 
silicon; recent techniques as Coal plus CO2 capture; renewable as wind and 
biomass  techniques; and finally emerging or novel techniques as future DSC, 
CdTe and thin film PV.  
In this chapter we present some conclusions extracted from these results. We 
focus first (§8.1) on the main subject of this thesis: the treatment of the 
uncertainties in the input data, followed (§8.2) by the EPBT and GWP100 
results, and finally (§8.3) the production costs of the Flexcellence PV module. 
 
8.1 Method for data handling 
 
In favor of the method for handling the uncertainties, as described in this 
study, argue the next arguments: 
1. The method is easy to implement and to use 
2. MCA can handle all kind of distributions and mathematical operations 
3. The outcomes are presented as a known Probabilistic distribution 
function 
4. A priori knowledge of uncertainty parameters for input data is not 
required. 
Against the method plead: 
1. The identification and classification of the uncertainties is difficult, and 
2. The quantification of the distribution parameters (standard deviation, 
mean or median values) for the uncertainties is time consuming 
3. The additional uncertainties introduced by this method are not known. 
Taking these considerations into account the next conclusions can be drawn: 
1. The method described in this thesis could be practical for LCA studies 
of products or processes containing a large amount of uncertain data, 
e.g. for LCAs of emerging products or processes. 
2. The indicative LCA results, mean values and their ranges of 
uncertainty, are useful for getting an better insight about the effects 
of the underlying sub-processes or steps. 
The applicability of this method depends highly on the assumption that the 
“foreground data” are qualitatively and quantitatively analogous to the 
“background data”, i.e. that both types of data items can be classified within 
the same class of processes: type of industry, transport, infrastructure, 
resources, etc. This assumption was used in paragraph §5.3.3 (Data analysis) 
for the deduction of the uncertainty factors for the “foreground data”, but it is 
not validated in this thesis.  
With respect to the qualitative aspects of the data in the foreground and in 
the background is the analogy between both kind of data systems 
undoubtedly present when, as it is the case in the present study, both data 
systems use the same, or almost the same, values for the “data quality 
indicators” and for the subsequent deduction of the corresponding uncertainty 
factors (see §5.3.3).  
With respect to the quantitative aspects is the situation different: the data 
items in the foreground are taken from a commonly small number of samples, 
often from unrepresentative sites or industrial processes, they are often 
confidential, etc. resulting in systematically higher uncertainty factors than for 
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the data items taken from the background, that are commonly the result from 
a large amount of samples from representative industrial processes. As it was 
stated in chapter 6, it was not possible to validate and to quantify the effects 
of this assumption mainly due to a software error in Simapro3  
 
8.2 LCA impacts 
 
With respect to the EPBT values for the Flexcellence module (including 
frame) we have calculated a range of 0.4 – 0.7 years for a 5% module 
efficiency in Southern Europe. For the total system (laminate plus BOS, etc. ) 
the EPBT for Southern Europe is 0.9 years (mean value) and this value is 
significantly lower than the values for the higher efficient crystalline silicon PV 
modules. The EPBT of the Flexcellence module, about 0.5 years, compares 
very advantageously with other published new types of thin film PV modules, 
varying from 1.0 up to 3.2 years, but as remarked in the last chapter the 
differences in the used system boundaries may have a large effect on the 
EPBT. 
The encapsulation step is responsible for about 28% of the total CED impact, 
and thus also of the total EPBT. But the uncertainties in the calculated CED for 
this step are very high. These uncertainties reflect also the lack of experience 
with the encapsulation of this new kind of thin PV modules. The steel 
substrate requires about 15.3% of the total CED, followed closely by the 
aluminium frame with 14.6%. 
The results for the GHG emissions, GWP100 indicator, are again positive 
for the Flexcellence module (10% efficiency and 30 years lifetime), 16.4 
gCO2-eq/kWhe, versus other thin film PV modules, values varying from 20 up 
to 89 gCO2-eq/kWhe, but the remark made above about the system 
boundaries is here applicable too. The comparison of Flexcellence modules 
(5% module efficiency, 30 years lifetime, frame and BOS included) with 
crystalline silicon PV modules (efficiencies higher than 10%) is still positive, 
but the difference is less accentuated: Flexcellence 22.5 gCO2-eq/kWhe versus 
28.6 up to 36.0 gCO2-eq/kWhe for the other modules. The aluminium frame is 
also for this environmental indicator responsible for a significant contribution, 
about 23% of the total GWP100 value. The highest contribution, about 47%, 
to this indicator is originated by the encapsulation with the Tefzel film. 
Beyond any doubt further research on both the “encapsulation” and the 
“framing” sub-processes can offer many possibilities of savings by an optimal 
module design. 
 
8.3 LCC-results 
 
The estimated production costs per peak power and 10% efficiency, 0.60 
€/Wp with an 95% percentiles of 0.44 – 0.84 €/Wp, are about twice the stated 
“goal”, 0.25 €/Wp, of the Flexcellence project . On the other hand these costs 
are comparable with the costs of other thin film alternatives, varying from 
0.48 to 1.24 €/Wp. 
About 50% of the manufacturing costs are the costs of the used “materials” 
and this item shows the largest difference between the low and the high 
estimates. An analysis of the material costs shows that almost 78% of the 
costs of materials are originated by two items: 
                                          
3 This software bug has been removed in the new version of Simapro. This new 
version was not available during this thesis. 
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1.  Aluminium frame: 51.6% 
2.  ZnO target: 26.3% 
The production costs of a frameless PV module is reduced to the level of 
0.46 €/Wp, a reduction of about 23%. Further research on the “framing” sub-
process is again the most promising recommendation when the production 
costs are considered. 
With respect the ZnO target (for sputtering) we have not taken into 
consideration the possibilities of cost reduction by recycling of the targets, 
that are used only for about 65%. The remaining 35% can be recycled and 
used again, but we lacked information on the recycling process. Furthermore 
the utilization rate, i.e. the amount of material from the target deposited 
effectively as a layer on the module is presently about 50%, the rest of 
material is lost on the walls or elsewhere inside the sputtering device. A 
further study about the possibilities of increasing the utilization rate for 
deposition and of the recycling aspects is recommended. 
 
8.4 Recommendations for future research 
 
With respect to the method for the assessment of the uncertainties the 
next recommendations for future research can be extracted from the 
underlying thesis: 
1. Estimation of the errors introduced by the developed calculation 
method itself. 
2. Effect of including the uncertainties in the background on the 
outcomes. In this thesis was not possible to include these 
uncertainties. 
3. Removal of data gaps and decreasing the uncertainties in the data 
input. This study should result in lower uncertainty factors and 
consequently in narrower 95% percentiles in the outcomes. 
 
With respect to the LCA/LCC of Flexcellence are many recommendations 
mentioned in, or can be deduced from, this thesis. Some other 
recommendations are proposed later by experts from the project team at 
ECN, and although they are not all a logical consequence from this study, they 
don’t conflict with it. By this reason they are all surveyed below and presented 
as potential topics for further research using LCA/LCC: 
1. Inclusion of capital goods (equipment) other than roll-to-roll 
equipment at ECN. The underlying thesis is based on the ECN 
equipment, but should be done for a “new” factory with a higher 
production capacity. 
2. Inclusion of the recycling process for the ZnO-targets. This study could 
result in a much higher rate of material utilization and significant 
costs reduction. 
3. Refinement of the energy consumption for the processing step of “Al 
back metallization”. In this thesis is used data from the “ZnO” 
processing step. 
4. Refinement of the energy consumption for the “firing of Ag 
metallization”. In this thesis is this energy consumption estimated. 
5. Refinement of the energy consumption for encapsulation. For this 
study has been used data for the lamination of crystalline silicon 
modules). 
6. Refinement of the production process of ETFE (ethylene 
tetrafluorethylene). In this thesis is assumed to be produced from 
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50% ethylene and 50% tetrafluorethylene. ETFE for encapsulation 
has a big impact, so this assumption for the production process 
needs refining. Possibly this applies also for the upstream processes 
like the production of tetrafluorethylene (especially direct process 
emissions). 
7. For all process steps inclusion of process cooling-water, compressed 
dry-air and make-up air (i.e. air in the factory that can be used by 
equipment for cooling processes). 
8. Include junction box. How many bypass-diodes? 
9. Refinement of “encapsulation” processing step using two-sided 
encapsulation with ETFE and an EVA-layer (ethyl-vinyl-acetate), 40-
60 µm. 
10. “Carbon steel” instead of “stainless steel” as substrate.  
11. PET (polyester) substrate instead of steel, two-sided encapsulation 
with ETFE and EVA. 
12. Frameless PV module. For build-in applications, e.g. roofing and 
facades of buildings. 
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APPENDIX I: Photovoltaics converter (da Rosa, 2005) 
 
 The silicon atom is surrounded by 4 valence electrons and can be bound to 
another by a covalent bond. If a bond is disrupted by thermal agitation or by the 
impact of a photon then one of the valence electrons is ejected and becomes free to 
carry electricity, leaving behind an incomplete bond or a “hole” into which another 
electron from a neighboring bond can fall. This means that the “hole” moves to 
another place, resulting in a pair of carriers: an electron and a hole. 
An often used analogy is given by the motion of VW beetles in a garage with a 
floor fully occupied by beetles (in neutral and no brakes on, so they can roll freely). 
They cannot move freely even in a tilted garage floor. 
 
If a car is moved to the next floor then it will roll to the left. Simultaneously 
some cars in the lower floor will also move, causing the “hole” to move to the right. 
In this analogy the energy required to move a beetle to a higher level corresponds to 
the so-called the “band-gap”, i.e. the energy difference between the valence band 
and the next band (conduction band) in the silicon atom. 
When some silicon atoms are replaced by phosphorus (valence of 5) then the 
covalent bonds of the phosphorus atom to 4 other atoms has one electron left over. 
Electron-hole pairs are still being created by thermal agitation, but the number of 
electrons will now exceed that of holes, this is called n-silicon with a dominant 
negative carrier. When instead of phosphorus a trivalent atom as aluminum or boron 
is used then there is an insufficiency of electrons and there will be an excess of free 
holes, and the material is called now p-silicon with a dominant positive carrier.  
 
                    n-silicon                             p-silicon 
 
The introduction of a phosphorus or boron into a mass of silicon is called 
“doping”. The amount of doping ranges from 1 atom dopant for every 104 – 108 
silicon atoms. When a p-region is juxtaposed with a n-region then the electrons, 
more abundant in the n-side, tend to diffuse to the p-side and otherwise. 
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The net result is that n-side becomes positive and the p-side negative, 
creating a “contact potential”, which in silicon at room temperature can be around 
1V, depending on the doping. The electric field across the p-n junction creates a 
“diode” that allows current to flow in only one direction across the junction. Electrons 
may pass from the p-side to the n-side, and holes from the n-side to the p-side. 
When a photon with an energy higher than the silicon band gap is absorbed it 
excites an electron that is free to move to the n-side leaving a “hole” that can be 
filled by another neighboring atom, generating another hole and on this way the hole 
can move through the lattice. Contacts to both the n-type and p—type sides can 
collect this electrical stream to an external load and constitute the basis for a solar 
cell. 
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APPENDIX II: Process-flow scheme thin film Flexcellence process 
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APPENDIX III: Data uncertainties in LCA 
 
Table III.1: Points of introduction of uncertainties in a LCA (Huijbregts, 1998) 
 
 
Remark: Explanation of colored fields on the text 
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APPENDIX IV : DQI of LCI data and Uncertainty estimation (SD95) 
 
rocess step Material/equipment used 
Relia- 
bility Factor 
Comp lete 
ness Factor 
Temp. 
corre-
lation Factor 
Geogr 
corre-
lation Factor 
Tech. 
corre-
lation Factor SD95 
ECN 0 Capital goods Steel 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 1 Stainless chromium steel 3 1.10 2 1.02 1 1.00 1 1.00 5 2.00 2.06 
Substrate Water for rinsing 4 1.20 2 1.02 1 1.00 1 1.00 1 1.00 1.30 
  Soap for cleaning substrate 4 1.20 2 1.02 1 1.00 1 1.00 1 1.00 1.30 
ECN 2 Barrier layer SiOx  3 1.10 4 1.10 1 1.00 2 1.01 4 1.50 1.59 
  electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 3 Aluminium sputter target 3 1.10 2 1.02 1 1.00 2 1.01 4 1.50 1.58 
Al back metallization Chromium sputter target 3 1.10 2 1.02 1 1.00 2 1.01 4 1.50 1.58 
  ZnO sputter target 3 1.10 2 1.02 1 1.00 2 1.01 4 1.50 1.58 
  electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 4 ZnO back reflector Zinc (oxide) sputter target 3 1.10 2 1.02 1 1.00 2 1.01 4 1.50 1.58 
  electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 5 Silane  3 1.10 4 1.10 1 1.00 2 1.01 4 1.50 1.59 
p-i-n layer Phosphine 5 1.50 5 1.20 1 1.00 2 1.01 4 1.50 1.88 
  Diborane 3 1.10 4 1.10 1 1.00 2 1.01 4 1.50 1.59 
  Hydrogen 3 1.10 4 1.10 1 1.00 2 1.01 4 1.50 1.59 
  electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 6 ZnO doped with 3%Al or In target 3 1.10 4 1.10 1 1.00 2 1.01 4 1.50 1.59 
ZnO for TCO electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 7 Laser electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 8 Isolation Insulator paste  4 1.20 4 1.10 1 1.00 2 1.01 4 1.50 1.63 
  electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 9 Ag metallization Ag paste 4 1.20 4 1.10 1 1.00 2 1.01 4 1.50 1.63 
  electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 10 Encapsulation ETFE   3 1.10 4 1.10 1 1.00 2 1.01 4 1.50 1.59 
  Cooling water 3 1.10 2 1.02 1 1.00 1 1.00 1 1.00 1.23 
  electricity 2 1.05 2 1.02 1 1.00 1 1.00 5 2.00 2.05 
ECN 11 Frame Aluminium frame 3 1.10 2 1.02 1 1.50 4 1.01 2 1.00 
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APPENDIX V: Statistical distributions in SimaPro 
Probabilistic Distribution Functions: Software tool can be downloaded from 
http://www.leidenuniv.nl/ssp/software/cmlca/distributions.html
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APPENDIX VI : Monte Carlo Analysis with SimaPro 
 
Process with background-data using option “Units” in Simapro 
 
 Median:  220 
 Mean:    318 
Fig. VI.1: Results from MCA simulation of the process “Building, hall/CH/I U” from 
Ecoinvent 
 
Process with background-data using option “Systems” in Simapro 
 
 
 
 Mean:    200 
 Median: 195 
 
 
Fig. VI.2: Results from MCA simulation of the process “Building, hall/CH/I S” from 
Ecoinvent 
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APPENDIX VII: Performance of PV system (Electricity yield) 
 
• Based on “IEC 61724: International Standard-Photovoltaic System 
performance monitoring, 1998” and “S. Ransome: How well do PV modeling 
algorithms really predict performance?, BP Solar UK”. 
• Relations are given for a PV module, no losses due to DC-AC conversion, BOS, 
etc. (Remark: For illustration purposes a period of 1 year is used in period 
dependent relationships).  
 
Standard Test Conditions (stc):  
   Temperature: T= 25 ºC 
   Air Mass: AM= 1.5 
   Irradiance:Gstc= 1 kW/m2
 
Module efficiency: 
mod
mod*
stc
stc
P
G A
η =  (-) 
where:  Pstc = “Peak” power module under “stc” (kWp) 
  Gstc = Total irradiance under “stc” (kW*m-2) 
  Amod = Module area (m2) 
 
Global Irradiation (period τ):  
,
0
( ) *i iH G t dt
τ
τ = ∫  (kWh*m-2*yr-1) 
where:  Gi = Total irradiance (time dependent) (kW*m-2) 
  τ  = Time period (day, month, year,…)  
 
Power from module: 
mod mod mod* * iP A Gη=   (kW) 
 
Energy output from module (period τ):  
mod mod mod mod ,
0
( )* * *out iE P t dt A H
τ
τη= =∫  (kWh*yr-1) 
 
Module reference yield (period τ): 
,0
,
( )*i
i
r
stc stc
G t dt
H
Y
G G
τ
τ
τ = =
∫
 (kWh*kWp-1*yr-1) 
(Remark: When Gi=Gstc, and τ= 1 year, then Yr equals the number of peak sun-hours 
per year) 
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Module final yield (period τ): 
,
, ,* *
i
f r
stc
H
Y PR Y PR
G
τ
τ τ= =   (kWh*kWp-1*yr-1) 
where: PR= Performance ratio 
 
Energy Payback Time: mod mod/
in out
i
i
EPBT E E=∑  (yr) 
where:  ∑Eiin = Total energy use for manufacturing module   (MJ) 
  Emod = Yearly energy output from module   (MJ*yr-1) 
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APPENDIX VIII: Amount and Costs of Materials and Energy per m2 of 
Flexcellence module 
        
  
Amount 
(kg/m2) SD95 
Price 
per unit 
Amount 
Low 
Amount 
High 
Costs 
(€/m2) 
Costs 
Low 
Costs 
High 
chromium steel 18/8 5.93E-01 2.06 2.5 0.2874491 1.2212815 1.48E+00 0.72 3.05 
soap 1.00E-02 1.30 1 0.0077213 0.0129512 1.00E-02 0.01 0.01 
water 1.00E+00 1.30 0.0015 0.7721311 1.2951169 1.50E-03 0.00 0.00 
SiOx paint 4.50E-02 1.59 55.55 0.0283019 0.07155 2.50E+00 1.57 3.97 
aluminium target1 2.37E-04 1.58 2000 0.0001503 0.0003751 4.75E-01 0.30 0.75 
chromium target1 1.78E-05 1.58 2500 1.129E-05 2.807E-05 4.45E-02 0.03 0.07 
zinc target1 2.85E-04 1.58 2000 0.0001807 0.0004491 5.70E-01 0.36 0.90 
silane 7.20E-03 1.59 92.32 0.0045241 0.0114586 6.65E-01 0.42 1.06 
phosphine 3.87E-05 1.88 15.65 2.062E-05 7.251E-05 6.05E-04 0.00 0.00 
diborane 3.93E-05 1.59 42.77 2.472E-05 6.26E-05 1.68E-03 0.00 0.00 
hydrogen 5.13E-03 1.59 0.74 0.0032227 0.0081625 3.78E-03 0.00 0.01 
zinc target1 3.56E-03 1.59 2000 0.0022377 0.0056676 7.12E+00 4.48 11.34 
insulating paste 1.25E-05 1.63 20 7.676E-06 2.045E-05 2.51E-04 0.00 0.00 
silver 2.45E-04 1.63 430 0.0001501 0.0003999 1.05E-01 0.06 0.17 
etfe 8.75E-02 1.59 0.11 0.0549804 0.1392541 1.00E-02 0.01 0.02 
aluminium frame 1.28E+00 1.58 10.94 0.811921 2.0179304 1.40E+01 8.88 22.07 
water 6.80E+01 1.23 0.002 55.302936 83.612197 1.36E-01 0.11 0.17 
          27.13 16.95 43.59 
              
electricity 16.04 2.05 0.084 7.82 32.91 1.35 0.66 2.76 
              
1.- For targets is given the amount of target used per m2 
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APPENDIX IX: Breakdown of electricity consumption and costs of materials 
for Flexcellence module 
 
Fig. IX.1: Breakdown of electricity consumption for Flexcellence module in kWh/m2 
module 
 
 
 
Fig. IX.2: Breakdown of costs of material in €/m2  module 
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